A new technique for ECG compression is presented.
INTRODUCTION
The need for ECG coding arises in several contexts such as ambulatory ECG monitoring, patient data bases in major hospitals, medical education systems, cost effective transmission of ECG over telephone lines, etc. ECG belongs to a class of signals that are oscillatory in nature, although not periodic in the strict mathematid sense. By looking at the time evolution of these signals, a concatenation of similar events or periods can be observed, which almost never identically reproduce themselves. For the same subject, the cycle to cycle variation in the beat period is, in general, much higher than the occasional variations in the amplitude, position, and width of the constituent waves. However, most techniques of ECG compression reported till now have not exploited this correlation between cycles (inter-beat correlation). There is also some redundancy within each ECG cycle. Direct time-domain techniques (such as AZTEC and SAPA) and transform-domain techniques (11 have considered only this intra-beat correlation between successive samples, Whereas, long term prediction [Z] and average beat subtraction [3] techniques have used only the beat to beat correlation, ignoring the redundancy within beat. Another limitation of (21 and [3] arises 0-8186-7919-0/97 $10.00 8 1997 IEEE from the fact that, since the period of a beat changes constantly, points that are equidistant but farther &om the R wave in two m e r e n t cycles are not always well correlated.
Further, [2] requires detection of the end points of each cycle, in addition to QRS detection and the correlation of QRS complex of each beat with a codebook of representative complexes. Similarly, the methods based on modeling require component identification for both model order selection and proper cycle separation. Parametric techniques have minimized only the intra-beat redundancy and not the other.
The technique proposed in this paper accounts for the variations in the beat periods and then exploits both the inter-cycle and the intr%cycle correlations. The method requires the detection of no component other than the Rwave. We first make the period of each beat constant by multirate processing, a nearly reversible transformation in which the original periods can be restored without any loss. By the term 'period', we mean the number of samples between two consecutive R waves. We perform amplitude normalization on these period-normalized beats, to bring about greater similarity.
On these 'period and amplitude normalized' (PAN) beats, Discrete Wavelet Transform (DWT) is applied. As a result, the corresponding wavelet coefficients (across cycles) bear a lot of correlation. Linear prediction of the wavelet coefficients from past cycles has been performed to effectively utilize this correlation. This enables us to transmit only the prediction error of the wavelet coefficient sequence, which has a lower dynamic range than the original sequence. The DWT has been applied to ECG for compression by Bradie [4] and Thakor (51. However, in [4], the similarity of corresponding DWT coefficients across the beats could not be exploited. This was because, unlike our approach, padding of zeros was done to the variable period beats to make the periods uniform. In [5] , the authors have not clearly specified the beginning and end points of sequences whose DWT they compute. Our method has been tested on both normal and abnormal data and its performance evaluated using several measures of fidelity. eliminating the effect of heart rate variability. The fixed length of the cycles is selected based on the maximum possible period of any cardiac cycle and the sampling frequency. The modified sampling rate must still satisfy the Nyquist criterion. We have selected a length such that the new sampling rate is always higher than the original one, ensuring that there will be no distortion of the signal. The mean beat period (MBP) is estimated from some initial cycles of the data being coded. This value is initially sent to the decoder. During encoding, the dif€erence between the actual period of a cycle and the MBP is transmitted.
IMPLEMENTATION OF PAN
To perform period-normalization, we first interpolate the variable period beat vectors by a factor L, which is the fixed period planned for (the length of the normalized beat). Then the signal is downsampled by the appropriate factor for each cycle, so that the length of all cycles becomes uniform. In our case, only the interpolation filter and downsampling are required. Since ECG is a highly correlated signal, and since it has been interpolated by a sufficiently high value, no error occurs in downsampiig. The details of implementation are given below.
If x(n) is the input to an interpolation filter with an upsampling factor L and an impulse response h(n), then the output y(n) is given by
The upsampler simply inserts L1 zeroes between successive samples. The filter h(n), which operates at a rate L times higher than that of the input signal, replaces the inserted zeroes with interpolated values. Polyphase implementation of this filter [7] ensures efficient interpolation. The output y(n) of a decimation filter, with an impulse response h(n) and a downsamplina factor MI is given by
where h(n) is a low-pass filter used to remove the aliasing caused by the downsampling of the signal. In case the signal does not contain fiequencies above r / M , there is no need for the decimation filter; downsampling by a factor of M will do. The change of sampliig rate thus achieved is a reversible process, provided Nyquist condition is satisfied;
if the resampled beat vector is brought back to the original sampling rate by multirate processing, there will be no distortion. The output of our system is thus given by
k-0 where X;(n), Y ; ( n ) are the nth samples of the iLh input beat and output PAN beat respectively, h(n) is the impulse response of the multirate filter and P; is the total 8. SN is now the set of locations of wavelet coefficients to be retained in every beat.
At the decoder, wavelet coefficients are reconstructed from their residuals. By applying the inverse discrete wavelet transform, the reconstructed PAN beats are obtained. The actual amplitude and period beats are reconstructed by the same process as for PAN, with suitable change of parameters. To assess the quality of the reconstructed signal, we employ Merent error measures as discussed in the next section.
RESULTS
The proposed method was tested on ECG data from 24 different subjects obtained from a hospital. The ECG signal was sampled at 250 Hz and quantized with 12-bit resolution. During period normalization, the length of each ECG cycle was changed to 256 samples. The technique was also applied on five sets of data from MIT database. is the no. of bits per sample in original , is the period of the ithbeat, is the total no. of beats processed, is the no. of retained wavelet coefficients, is the no. of bits used for each residual, is the no. of bits used for trans. each SDI is the no. of bits used for trans. the each PD, is the order of the prediction filter, is the no. of bits for trans. each LP parameter , is the no. of bits for trans. each element of SN, is the no. of bits for trans. the MBP and is the no. of bits for trans. the AASF.
The amplitude of the maximal reconstruction error in each cycle is normalized by the dynamic range of the signal to obtain the NMAE. The expression for NMAE for the ith cycle is
The mean NMAE for a subject is obtained by averaging over all the cycles.
The terms within braces in the denominator of (6) need to be sent to the decoder only once. We have obtained CR of around 18:l (including overheads), with average NRMSE of 10% and NMAE of 7%. A sigdicant aspect of our technique is that peak errors do not lie in QRS regions, even while maintaining the overall error within limits. Most of the previous authors have not achieved this, with the exception of Phillips (91. Table I gives the performance figures for 6 different subjects. Fig 1 dis plays the original, reconstructed and error waveforms for a subject.
CONCLUSION
A novel scheme for high fidelity coding of ECG has been proposed. Handliig R-R beats eliminates the ambiguity that normally arises in deciding the endpoints of a cycle whenever PQRsT beats are used. The method, based on linear prediction of chosen wavelet coefficients of normalized beats, performs well with both normal and path* logical data. The normalization of beats has not been attempted or even conceived of by any other earlier work, even where each beat is taken as an unit, or inter-cycle correlation is exploited (2,3] . This preprocessing converts the ECG data into a near-cyclostationary sequence and enables the uniform choice of wavelet coefficients to be retained in each beat and hence their prediction. The earlier, wavelet-based compression schemes have not attempted this (4,5]. With the proposed techaique, a mean transmission rate of 180 bits per second has been achieved for the data tested, with no compromise on the fidelity of reconstruction. It exploits both interbeat and intrabeat correlations. Further, the clinically more significant QRS complexes are coded with an error equal to that in the other regions in each cardiac cycle. 
